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Q1  Importance: Human activities are causing rapid changes in biodiversity across the                         

globe. These changes are often irreversible and have major ramifications for the broader                         

Earth system and human wellbeing. There is an urgent need for an integrated global                           

observing system designed to quantify biodiversity on Earth and detect change through                       

time.  Such a system, supported by satellite remote sensing providing regularly repeated,                       

systematic biodiversity data with global coverage and high spatial resolution, could profoundly                       

deepen our understanding of the pace and consequences of biodiversity change, and transform                         

our ability to predict and manage the future of Earth’s life support systems  
1–9 
.  

 

A global biodiversity observing system could address the following science and application                       

objectives:  (O1) Characterize the global patterns of biodiversity with significantly higher spatial                       

resolution and coverage than currently available. (O2) Determine how biodiversity is changing                       

globally at landscape and regional scales and attribute those changes to specific drivers. (O3)                           

Determine how biodiversity changes influence key ecosystem functions (e.g., productivity) at                     

regional to global scales. (O4) Improve predictions of the future likelihood and potential                         

consequences of biodiversity change with an emphasis on identifying critical tipping points in                         

Earth’s life support systems. 

 

Biodiversity, short for biological diversity, is the variety of life on Earth. It includes the variation                               

among genes, species, their functional traits, the ecosystems within which they live, and how                           

they interact (Figs. 1 & 2). This complex web of life forms drives the functioning of ecosystems                                 

through countless reciprocal interactions among organisms and the abiotic environment. These                     

maintain the processes (e.g., productivity, evapotranspiration, and decomposition) that control                   

the fluxes of carbon, water, nutrients, and energy through the Earth system. Human wellbeing                           

depends on biodiversity as a consequences of the ecosystem services it renders 
10,11 

; human                         

societies rely upon and benefit from the goods (like food, wood, and medicines), environmental                           

regulating services (like erosion control or climate regulation through carbon sequestration and                       

water cycling), and countless aesthetic and cultural services that biodiversity provides. 

 

Despite its vital importance, Earth’s biodiversity is experiencing rapid and widespread decline                       

and alterations due to multiple interacting anthropogenic drivers 
12 
. These include  the loss,                       

degradation, and fragmentation of natural habitats, climate change, the spread of invasive species                         

and diseases through global trade and travel, overexploitation (the unsustainable removal of                       

organisms, e.g. overfishing), and pollution especially ocean acidification and the buildup of                       

nutrients from fertilizers. Despite accelerating policy and management responses, many of these                       

anthropogenic drivers of biodiversity loss continue to worsen 
13 
.  

 

Current rates of species extinction are now ~100 times higher than background rates in the                             

longterm fossil record 
14
(Fig. 3). This rate is unprecedented in human history and may be                             

comparable to the five mass extinctions in Earth’s history (Barnosky et al. 2011); the most recent                               

one saw the disappearance of the dinosaurs sixtyfive million years ago. An index of species                             

populations of many vertebrate animals, keystone indicators of overall biospheric integrity,                     

shows a 52 percent decline over the last 40 years 
15
(Fig. 4). Although biodiversity is declining                               

globally, at local scales ecosystems are not systematically losing species 
16 
, but rather are                         

experiencing rapid shifts in species composition and abundance (turnover); sometimes resulting                     
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in communities with entirely novel species configurations  17 with unknown consequences  18 . The                         
rapid pace of both biodiversity loss and change necessitates urgent action to develop a baseline                             
map of the global patterns of biodiversity (O1) at much finer spatial grains than currently                             
available and if possible at species level 4,19 . It is critical to know the current status of biodiversity                                 
in order to know how it is changing and why (O2). 
 
Mounting evidence synthesized from many biodiversity manipulation experiments, conducted                 
primarily at the field and lab scale, indicate that biodiversity changes threaten the ecosystem                           
services essential for human wellbeing 20–25 . Consensus findings  23 show that biodiversity loss                       
tends to degrade ecosystem functioning (Fig. 5) and increase ecosystem vulnerability to                       
environmental change (i.e. decrease ecosystem resilience). Many experiments show that                   
influence of biodiversity loss on ecosystem functioning is often comparable to direct influence of                           
other anthropogenic pressures 26,27 . Further analyses of multiple experiments reveal that these                     
biodiversity effects increase over time 28 , with increased spatial scale  29 , and when multiple                         
functions are considered simultaneously 30,31 .  
 
However, at regional and global scales 32,33 , relatively little is known quantitatively about how                         
much and what kinds of biodiversity can be lost before key aspects of ecosystem functioning are                               
eroded (O3). The extent and rate at which biodiversity losses are pushing ecosystems towards                           
critical tipping points in to undesirable and irreversibly degraded states with decreased                       
functioning and dangerous reductions to ecosystem services remains a major gap in Earth system                           
knowledge 34–37  (O4; Fig. 6). 
 
Q2  Utility:  Global observations of multiple components of biodiversity and drivers of                         
biodiversity change are needed to tackle the urgent global biodiversity crisis and to address                           
the four science objectives listed above. New satellite observing technologies, currently                     
available but not yet deployed at scale, integrated with  in situ measurements will enable                           
transformative progress. 
 
Basic biodiversity science and applied conservation efforts have been slowed by the scarcity and                           
quality of available biodiversity data 19,38 . Currently available global data on biodiversity are                       
grossly incomplete and nonrepresentative taxonomically, geographically, environmentally,             
temporally, and functionally. While datasets of species traits and their connection to function                         
continue to grow 39,40 , local observations of species traits remain highly insufficient. For example,                         
on average only around 2% of vascular plant species have any trait measurements available at                             
the regional scale and an even smaller proportion in the speciesrich tropical regions 8 (Fig. 7).                             
Data on other biodiversity attributes such as species occurrence, abundance, and biomass hold                         
similar biases 6,41 .  
 
These data gaps and biases are exacerbated by even scarcer information on temporal changes in                             
biodiversity. Even in areas in which current data are relatively complete, widespread biodiversity                         
change driven by anthropogenic pressures is rapidly outpacing incremental gains afforded by                       
laborious  in situ biodiversity sampling 4 . Furthermore, existing “global” data has not been                       
collected consistently or systematically, but is instead compiled post hoc from thousands of                         
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disparate research activities, often not designed to address longterm trends or largescale                       
patterns 42 .  
 
As a response to these challenges, the Group on Earth Observations Biodiversity Observation                         
Network (GEO BON) has proposed a candidate set of Essential Biodiversity Variables 3 (EBVs;                         
Fig. 8) – grouped broadly into species traits and populations, ecosystem structure and function,                           
and genetic and community composition. These EBVs are modeled after the fifty Essential                         
Climate Variables 43 (ECVs) that guide the implementation of the Global Climate Observing                       
System (GCOS), which supports the work of the United Nations Framework Convention of                         
Climate Change and the Intergovernmental Panel on Climate Change (IPCC). Similarly, the goal                         
of the proposed EBVs is to support the equivalent body to the IPCC for biodiversity, the                               
recentlyestablished Intergovernmental SciencePolicy Platform on Biodiversity and Ecosystem               
Services 44 (IPBES) and several multilateral international environmental agreements, most                 
notably enabling progress towards the Aichi Biodiversity Targets 45 set by the international                       
community through the Convention on Biological Diversity (CBD).  
 
Spaceobservable EBVs have been identified by multiple working groups 5,7–9,46 . Space agencies                     
have coordinated for decades through the Committee on Earth Observation (CEOS) to produce                         
the Climate Data Records from which ECVs are derived.  The biodiversity community is now                           

strongly urging the GEO secretariat to support the definition of a final set of agreed upon                               

spaceobservable EBVs and for space agencies to coordinate through CEOS to develop the                         

missions and data products necessary to monitor EBVs 
7 
. 

 
Some of these spaceobservable EBVs will overlap directly with ECVs, (e.g. Leaf Area Index),                           
and some are already being monitored from space 9 . Other EBVs could be measured from space                             
(or inferred from spacebased measurements with additional modeling and/or in situ data) in the                           
near future with advanced observing technologies that are mature and available but not yet                           
deployed at scale. For example, ecosystem structure and aboveground vegetation biomass will                       
soon be measured globally using spacebased lidar (GEDI) and radar observations (NISAR).                       
Further discussion of these biodiversity targets can be found in RFI2 response  3D Vegetation                           

Structure and Dynamics (Lavalle et al). Other RFI2 responses addressing biodiversity science                       
targets include  Monitoring Coastal and Wetland Biodiversity from Space  (MullerKarger et al.) ,                       

Global Terrestrial Ecosystem Functioning and Biogeochemical Processes  (Townsend et al.) ,                   

Ocean Ecosystems ( Behrenfeld et al.), and  Coral Reefs: Living on the Edge  (Hochberg et al.). 
 
For the remainder of this RFI response, we will focus on the utility, key requirements, and                               

affordability of measuring the functional diversity of terrestrial plants, one of many                       

Essential Biodiversity Variables. Jetz et al. 
8
have recently identified global spaceborne                     

measurements on the functional composition and diversity of plant communities (O1) as an                         

essential foundation (Fig. 9) for monitoring biodiversity change (O2), understanding the                     

functioning of ecosystems (O3), and predicting and managing the consequences of future                       

biodiversity change (O4). 

 
Plant functional biodiversity encompasses the wideranging variation in physiological,                 
morphological and chemical properties (known in the ecological literature as functional traits) of                         
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plants. These include the concentration of metabolites and nonstructural carbohydrates in leaves,                       
or the ratio of leaf mass to area, which are related functionally to plant processes like carbon and                                   
water uptake, nutrient cycling, and defense against pests and environmental stresses (see Table 1                           
for a list of functional traits observable from space). These functional properties vary within and                             
among individuals (e.g., based on the position of a leaf on a plant and its exposure to sunlight, or                                     
the variability among trees in a forest) to populations, species, and communities, and may be                             
measured at any of these levels of biological organization 47 .  
 
With increasing spatial scale (i.e. coarser spatial resolution of measurement), the retrieval of                         
functional properties will increasingly represent the aggregate properties of many individuals and                       
species, including, for example the functional biodiversity of whole plant communities. Such                       
aggregate “functional diversity” metrics characterizing the breadth of functional properties of a                       
group of organisms are known to be strongly associated with taxonomic 48,49 and phylogenetic 50,51                         
measures of biodiversity and their potential decrease under habitat loss 52 . Plant functional traits                         
are strongly associated with the distribution and abundances of animals 53–58 (Fig. 10), fungi 59 , and                           
soil microbes 60,61 . Finally, the close links between plant functional biodiversity and ecosystem                       
processes such as carbon, water and energy exchange enabling a more mechanistically detailed                         
and predictive representation of the terrestrial biosphere in Earth system models 62–64 .  
 
Q3 Requirements: We understand the key requirements for observing the diversity of                       
terrestrial plant functional traits from space based on mature algorithms developed from                       
airborne studies conducted across multiple biomes 65–67  (Fig 11).   
 
The the  underlying physical observable for retrieving plant functional traits from space are                         
atmospherically corrected surface reflectances covering 4502450 nm with <=10 nm  spectral                     
resolution . This is the the  spectral range that is sensitive to key plant chemical, physiological,                             
and leaf to canopy lightscattering characteristics. Specific portions of the spectrum are also                         
required for atmospheric correction. The visible portion of the spectrum 450 to 700 nm and the                             
oxygen Aband centered at 760 ±20 nm are required for aerosol estimation. Water vapor                           
information is derived from the two water absorptions at 940 ±80 nm and 1150 ±100 nm. Cirrus                                 
cloud assessment and correction information is derived from the strong water bands between                         
1380 ±20 nm and 1875 ±30  nm.  
 
Radiometric performance requirements (0 to max vegetated surface signal, ≥ 90% accuracy, and                         
≥ specified SNR) are driven by the  range of radiances and required SNR necessary to retrieve                               
the physical trait parameters with sufficient precision and accuracy to meet or exceed ecosystem                           
model sensitivity and atmospheric correction requirements with demonstrated retrievals from                   
airborne imaging spectrometer measurements with known SNR performance. To bracket the                     
range of ecosystems observed, atsensor radiance has been modeled for an uppermid latitude                         
conifer and tropical broadleaf canopy (Fig. 12). Identification of narrowband features associated                       
with leaf absorption features requires SNR commensurate with the depth of spectral features                         
(Fig. 12). Geometric requirements include ±90 m surface location to ensure alignment with                         
global DEM data for correction of illumination and bidirectional reflectance effects. 
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The  spatial resolution requirement is ≤40 m in order to capture individual stands (groups of                             
trees of a common species) within forest ecosystems and maximize the diversity observed while                           
allowing global coverage. Spatial sampling requirements are derived based on ecosystem scale                       
analyses and spatial tests of sequentially degraded aircraft data collected at 1–5 m. Multiscaled                         
analyses  68 show that largescale plant trait variability is well resolved with 20–40 m 2 data,                             
capturing the natural variability in vegetation across landscapes while minimizing intracanopy                     
effects (i.e., the pixel is a canopy, not part of a canopy).  
 
The baseline spatial coverage and temporal frequency  requirement is at least one cloudfree                         
measurement in the peak growing season for ≥90% of the Earth’s vegetated terrestrial surface per                             
year. Cloudfree views allow retrieval of the full set of surface spectral reflectance. The  baseline                             
observation duration requirement is driven by the need to detect changes in the retrieved trait                             
parameters to track changes in biodiversity over time. 
  
Q4  Affordability: The measurements can be achieved affordably in the decadal                       
timeframe, due to investments in response to global terrestrial/coastal coverage missions                     
outlined in the 2007 NRC Decadal Survey 69 and NRC Landsat and Beyond report 70 and                           
other initiatives. These measurements would build on a legacy of airborne and space                           
instruments including airborne: AIS 71 , AVIRIS 72 , and AVIRISNG 73 and space: NIMS 74 , VIMS 75 ,                     
Deep Impact 76 , CRISM 77 , EO1 Hyperion 78,79 , M3 80 and MISE, the imaging spectrometer now                       
being developed for NASA’s Europa mission. 
 
NASAguided engineering studies in 2014 and 2015 show that a Landsatclass VSWIR (380 to                           
2510 nm @ ≤10 nm sampling) (Fig. 13) imaging spectrometer instrument with a 185 km swath,                               
30 m spatial sampling and 16 day revisit with high signaltonoise ratio and the required                             
spectroscopic uniformity can be implemented affordably for a three year mission with mass (98                           
kg), power (112 W), and volume compatible with a Pegasus class launch or rideshare (Fig. 14).                               
Cloud probability analysis completed using the MODIS Terra and Aqua cloud products                       
following Mercury et al. 81 shows shows the baseline spatial coverage and temporal frequency                         
measurement requirements can be met. 
 
The key for this measurement is an optically fast spectrometer providing high SNR and a design                               
that can accommodate the full spectral and spatial ranges 82 . A scalable prototype F/1.8 full                           
VSWIR spectrometer  83  has been developed, aligned, and is being qualified (Fig. 15). 
 
Data rate and volume challenges have been addressed by development and testing of a lossless                             
compression algorithm for spectral measurements 84–86 . This algorithm is now a CCSDS standard.                       
With compression and the current Ka band downlink offered by KSAT and others, all                           
terrestrial/coastal measurements can be downlinked (Fig. 16).  
 
Algorithms for calibration 72 and atmospheric correction 87–89 of large diverse data sets have been                         
benchmarked as part of the HyspIRI preparatory campaign 90 as well as for the AVIRISNG India                             
and Greenland campaigns and elsewhere.  The data algorithms necessary for achieving the                       
required plant trait measurements are mature and have been tested over large diverse                         
datasets (summarized in Table 2). To enhance affordability and accelerate measurement                     

6 
 



Theme III    Biodiversity Pavlick et al. 

availability, there is good potential for international partnerships. 
 
 
References 

1. Scholes, R. J.  et al.  Building a global observing system for biodiversity.  Current Opinion in 

Environmental Sustainability   4,  139–146 (2012). 

2. Duffy, J. E.  et al.  Envisioning a Marine Biodiversity Observation Network.  Bioscience   63,  350–361 

(2013). 

3. Pereira, H. M.  et al.  Essential biodiversity variables.  Science   339,  277–278 (2013). 

4. Schimel, D. S., Asner, G. P. & Moorcroft, P. Observing changing ecological diversity in the 

Anthropocene.  Front. Ecol. Environ.   11,  129–137 (2013). 

5. O’Connor, B.  et al.  Earth observation as a tool for tracking progress towards the Aichi Biodiversity 

Targets.  Remote Sens Ecol Conserv   1,  19–28 (2015). 

6. Schimel, D.  et al.  Observing terrestrial ecosystems and the carbon cycle from space.  Glob. Chang. 

Biol.  (2015). doi: 10.1111/gcb.12822 

7. Skidmore, A. K.  et al.  Environmental science: Agree on biodiversity metrics to track from space. 

Nature   523,  403–405 (2015). 

8. Jetz, W.  et al.  Monitoring plant functional diversity from space.  Nature Plants   2,  16024 (2016). 

9. Pettorelli, N.  et al.  Framing the concept of satellite remote sensing essential biodiversity variables: 

challenges and future directions.  Remote Sens Ecol Conserv  (2016). doi: 10.1002/rse2.15 

10. Díaz, S.  et al.  in  Ecosystems and human wellbeing: Current state and trends: Findings of the 

Condition and Trends Working Group.  (eds. Hassan, R., Scholes, R. & Ash, N.) 279–329 (Island 

Press, 2005). 

11. Díaz, S., Fargione, J., Chapin, F. S., 3rd & Tilman, D. Biodiversity loss threatens human wellbeing. 

PLoS Biol.   4,  e277 (2006). 

7 
 



Theme III    Biodiversity Pavlick et al. 

12. Pereira, H. M., Navarro, L. M. & Martins, I. S. Global Biodiversity Change: The Bad, the Good, and 

the Unknown.  Annu. Rev. Environ. Resour.   37,  25–50 (2012). 

13. Tittensor, D. P.  et al.  A midterm analysis of progress toward international biodiversity targets. 

Science   346,  241–244 (2014). 

14. Millennium Ecosystem Assessment.  Ecosystems and human wellbeing: Biodiversity synthesis . 

(World Resources Institute, 2005). 

15. McLellan, R.  et al.   Living Planet Report 2014: species and spaces, people and places . (World Wide 

Fund for Nature, 2014). 

16. Dornelas, M.  et al.  Assemblage time series reveal biodiversity change but not systematic loss. 

Science   344,  296–299 (2014). 

17. Pandolfi, J. M. & Lovelock, C. E. Ecology. Novelty trumps loss in global biodiversity.  Science   344, 

266–267 (2014). 

18. Wardle, D. A. Do experiments exploring plant diversity–ecosystem functioning relationships inform 

how biodiversity loss impacts natural ecosystems?  J. Veg. Sci.   27,  646–653 (2016). 

19. Jetz, W., McPherson, J. M. & Guralnick, R. P. Integrating biodiversity distribution knowledge: 

toward a global map of life.  Trends Ecol. Evol.   27,  151–159 (2012). 

20. Quijas, S., Schmid, B. & Balvanera, P. Plant diversity enhances provision of ecosystem services: A 

new synthesis.  Basic Appl. Ecol.   11,  582–593 (2010). 

21. Dobson, A.  et al.  Habitat loss, trophic collapse, and the decline of ecosystem services.  Ecology   87, 

1915–1924 (2006). 

22. Worm, B.  et al.  Impacts of biodiversity loss on ocean ecosystem services.  Science   314,  787–790 

(2006). 

23. Cardinale, B. J.  et al.  Biodiversity loss and its impact on humanity.  Nature   486,  59–67 (2012). 

24. Balvanera, P.  et al.  Linking Biodiversity and Ecosystem Services: Current Uncertainties and the 

8 
 



Theme III    Biodiversity Pavlick et al. 

Necessary Next Steps.  Bioscience   64,  49–57 (2014). 

25. Balvanera, P.  et al.  Quantifying the evidence for biodiversity effects on ecosystem functioning and 

services.  Ecol. Lett.   9,  1146–1156 (2006). 

26. Hooper, D. U.  et al.  A global synthesis reveals biodiversity loss as a major driver of ecosystem 

change.  Nature   486,  105–108 (2012). 

27. Tilman, D., Reich, P. B. & Isbell, F. Biodiversity impacts ecosystem productivity as much as 

resources, disturbance, or herbivory.  Proc. Natl. Acad. Sci. U. S. A.   109,  10394–10397 (2012). 

28. Reich, P. B.  et al.  Impacts of biodiversity loss escalate through time as redundancy fades.  Science 

336,  589–592 (2012). 

29. van der Plas, F.  et al.  Biotic homogenization can decrease landscapescale forest multifunctionality. 

Proc. Natl. Acad. Sci. U. S. A.  (2016). doi: 10.1073/pnas.1517903113 

30. Hector, A. & Bagchi, R. Biodiversity and ecosystem multifunctionality.  Nature   448,  188–190 (2007). 

31. Isbell, F.  et al.  High plant diversity is needed to maintain ecosystem services.  Nature   477,  199–202 

(2011). 

32. Pasari, J. R., Levi, T., Zavaleta, E. S. & Tilman, D. Several scales of biodiversity affect ecosystem 

multifunctionality.  Proc. Natl. Acad. Sci. U. S. A.   110,  10219–10222 (2013). 

33. Burley, H. M.  et al.  Macroecological scale effects of biodiversity on ecosystem functions under 

environmental change.  Ecol. Evol.   6,  2579–2593 (2016). 

34. Lenton, T. M.  et al.  Tipping elements in the Earth’s climate system.  Proc. Natl. Acad. Sci. U. S. A. 

105,  1786–1793 (2008). 

35. Rockström, J.  et al.  A safe operating space for humanity.  Nature   461,  472–475 (2009). 

36. Mace, G. M.  et al.  Approaches to defining a planetary boundary for biodiversity.  Glob. Environ. 

Change   28,  289–297 (2014). 

37. Steffen, W.  et al.  Sustainability. Planetary boundaries: guiding human development on a changing 

9 
 



Theme III    Biodiversity Pavlick et al. 

planet.  Science   347,  1259855 (2015). 

38. Geijzendorffer, I. R.  et al.  Bridging the gap between biodiversity data and policy reporting needs: An 

Essential Biodiversity Variables perspective.  J. Appl. Ecol.  (2015). doi: 10.1111/13652664.12417 

39. Díaz, S.  et al.  The global spectrum of plant form and function.  Nature   529,  167–171 (2016). 

40. Violle, C., Reich, P. B., Pacala, S. W., Enquist, B. J. & Kattge, J. The emergence and promise of 

functional biogeography.  Proc. Natl. Acad. Sci. U. S. A.   111,  13690–13696 (2014). 

41. Meyer, C., Kreft, H., Guralnick, R. & Jetz, W. Global priorities for an effective information basis of 

biodiversity distributions.  Nat. Commun.   6,  8221 (2015). 

42. Scholes, R. J.  et al.  Ecology. Toward a global biodiversity observing system.  Science   321, 

1044–1045 (2008). 

43. Bojinski, S.  et al.  The Concept of Essential Climate Variables in Support of Climate Research, 

Applications, and Policy.  Bull. Am. Meteorol. Soc.   95,  1431–1443 (2014). 

44. Inouye, D. W. IPBES: global collaboration on biodiversity and ecosystem services.  Front. Ecol. 

Environ.   12,  371–371 (2014). 

45. Convention on Biological Diversity. Decision X/2.  The Strategic Plan for Biodiversity 2011–2020 

and the Aichi Biodiversity Targets 

46. MullerKarger, F.  et al.  Satellite Remote Sensing in Support of an Integrated Ocean Observing 

System.  IEEE Geoscience and Remote Sensing Magazine   1,  8–18 (2013). 

47. Funk, J. L.  et al.  Revisiting the Holy Grail: using plant functional traits to understand ecological 

processes.  Biol. Rev. Camb. Philos. Soc.  (2016). doi: 10.1111/brv.12275 

48. Petchey, O. L. & Gaston, K. J. Functional diversity (FD), species richness and community 

composition.  Ecol. Lett.   5,  402–411 (2002). 

49. Féret, J.B. & Asner, G. P. Mapping tropical forest canopy diversity using highfidelity imaging 

spectroscopy.  Ecol. Appl.   24,  1289–1296 (2014). 

10 
 



Theme III    Biodiversity Pavlick et al. 

50. Flynn, D. F. B., Mirotchnick, N., Jain, M., Palmer, M. I. & Naeem, S. Functional and phylogenetic 

diversity as predictors of biodiversityecosystemfunction relationships.  Ecology   92,  1573–1581 

(2011). 

51. CavenderBares, J.  et al.  Associations of Leaf Spectra with Genetic and Phylogenetic Variation in 

Oaks: Prospects for Remote Detection of Biodiversity.  Remote Sensing   8,  221 (2016). 

52. Keil, P., Storch, D. & Jetz, W. On the decline of biodiversity due to area loss.  Nat. Commun.   6,  8837 

(2015). 

53. Moretti, M. & Legg, C. Combining plant and animal traits to assess community functional responses 

to disturbance.  Ecography    32,  299–309 (2009). 

54. McGill, B. J., Enquist, B. J., Weiher, E. & Westoby, M. Rebuilding community ecology from 

functional traits.  Trends Ecol. Evol.   21,  178–185 (2006). 

55. Carmona, D., Lajeunesse, M. J. & Johnson, M. T. J. Plant traits that predict resistance to herbivores. 

Funct. Ecol.   25,  358–367 (2011). 

56. Lavorel, S.  et al.  A novel framework for linking functional diversity of plants with other trophic 

levels for the quantification of ecosystem services.  J. Veg. Sci.   24,  942–948 (2013). 

57. Poelman, E. H., van Loon, J. J. A. & Dicke, M. Consequences of variation in plant defense for 

biodiversity at higher trophic levels.  Trends Plant Sci.   13,  534–541 (2008). 

58. Midgley, G. F.  et al.  Terrestrial carbon stocks and biodiversity: key knowledge gaps and some policy 

implications.  Current Opinion in Environmental Sustainability   2,  264–270 (2010). 

59. Fisher, J. B., Sweeney, S. & Brzostek, E. R. Tree–mycorrhizal associations detected remotely from 

canopy spectral properties.  Glob. Chang. Biol.  (2016). 

60. Wardle, D. A.  et al.  Ecological linkages between aboveground and belowground biota.  Science   304, 

1629–1633 (2004). 

61. De Deyn, G. B. & Van der Putten, W. H. Linking aboveground and belowground diversity.  Trends 

11 
 



Theme III    Biodiversity Pavlick et al. 

Ecol. Evol.   20,  625–633 (2005). 

62. Scheiter, S., Langan, L. & Higgins, S. I. Nextgeneration dynamic global vegetation models: learning 

from community ecology.  New Phytol.   198,  957–969 (2013). 

63. Yang, Y., Zhu, Q., Peng, C., Wang, H. & Chen, H. From plant functional types to plant functional 

traits: A new paradigm in modelling global vegetation dynamics.  Prog. Phys. Geogr.  (2015). 

doi: 10.1177/0309133315582018 

64. Antonarakis, A. S., Munger, J. W. & Moorcroft, P. R. Imaging spectroscopy and lidarderived 

estimates of canopy composition and structure to improve predictions of forest carbon fluxes and 

ecosystem dynamics.  Geophys. Res. Lett.   41,  2535–2542 (2014). 

65. Asner, G. P., Martin, R. E., Anderson, C. B. & Knapp, D. E. Quantifying forest canopy traits: 

Imaging spectroscopy versus field survey.  Remote Sens. Environ.   158,  15–27 (2015). 

66. Serbin, S. P.  et al.  Remotely estimating photosynthetic capacity, and its response to temperature, in 

vegetation canopies using imaging spectroscopy.  Remote Sens. Environ.   167,  78–87 (2015). 

67. Singh, A., Serbin, S. P., McNeil, B. E., Kingdon, C. C. & Townsend, P. A. Imaging spectroscopy 

algorithms for mapping canopy foliar chemical and morphological traits and their uncertainties.  Ecol. 

Appl.   25,  null (2015). 

68. Roth, K. L., Roberts, D. A., Dennison, P. E., Peterson, S. H. & Alonzo, M. The impact of spatial 

resolution on the classification of plant species and functional types within imaging spectrometer 

data.  Remote Sens. Environ.   171,  45–57 (2015). 

69. National Research Council, Space Studies Board.  Earth Science and Applications from Space:: 

National Imperatives for the Next Decade and Beyond . (National Academies Press, 2007). 

70. Committee on Implementation of a Sustained Land Imaging Program, Board, S. S., Division on 

Engineering and Physical Sciences & National Research Council.  Landsat and Beyond:: Sustaining 

and Enhancing the Nation’s Land Imaging Program . (National Academies Press, 2013). 

12 
 



Theme III    Biodiversity Pavlick et al. 

71. Vane, G., Goetz, A. F. H. & Wellman, J. B. Airborne imaging spectrometer: A new tool for remote 

sensing.  IEEE Trans. Geosci. Remote Sens.   GE22,  546–549 (1984). 

72. Green, R. O.  et al.  Imaging Spectroscopy and the Airborne Visible/Infrared Imaging Spectrometer 

(AVIRIS).  Remote Sens. Environ.   65,  227–248 (1998). 

73. Hamlin, L.  et al.  Imaging spectrometer science measurements for Terrestrial Ecology: AVIRIS and 

new developments. in  Aerospace Conference, 2011 IEEE  1–7 (2011). 

74. Carlson, R. W., Weissman, P. R., Smythe, W. D., Mahoney, J. C. & The Nims Science And. 

NearInfrared Mapping Spectrometer experiment on Galileo.  Space Sci. Rev.   60,  457–502 (1992). 

75. Brown, R. H.  et al.  in  The CassiniHuygens Mission  111–168 (Springer Netherlands, 2004). 

76. Hampton, D. L.  et al.  An Overview of the Instrument Suite for the Deep Impact Mission.  Space Sci. 

Rev.   117,  43–93 (2005). 

77. Murchie, S.  et al.  Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars 

Reconnaissance Orbiter (MRO).  J. Geophys. Res.   112,  E05S03 (2007). 

78. Ungar, S. G., Pearlman, J. S., Mendenhall, J. A. & Reuter, D. Overview of the Earth Observing One 

(EO1) mission.  IEEE Trans. Geosci. Remote Sens.   41,  1149–1159 (2003). 

79. Middleton, E. M.  et al.  The Earth Observing One (EO1) Satellite Mission: Over a Decade in Space. 

IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing   6,  243–256 

(2013). 

80. Green, R. O.  et al.  The Moon Mineralogy Mapper (M3) imaging spectrometer for lunar science: 

Instrument description, calibration, onorbit measurements, science data calibration and onorbit 

validation.  Journal of Geophysical Research: Planets   116,  (2011). 

81. Mercury, M.  et al.  Global cloud cover for assessment of optical satellite observation opportunities: A 

HyspIRI case study.  Remote Sens. Environ.   126,  62–71 (2012). 

82. Mouroulis, P.  et al.  Landsat swath imaging spectrometer design.  Opt. Eng.   55,  015104 (2016). 

13 
 



Theme III    Biodiversity Pavlick et al. 

83. Van Gorp, B., Mouroulis, P., Wilson, D. W. & Green, R. O. Design of the Compact Wide Swath 

Imaging Spectrometer (CWIS). in  SPIE Optical Engineering + Applications  92220C–92220C–9 

(International Society for Optics and Photonics, 2014). 

84. Klimesh, M. Lowcomplexity adaptive lossless compression of hyperspectral imagery. in 

Proceedings of SPIE, the International Society for Optical Engineering  63000N–1 (Society of 

PhotoOptical Instrumentation Engineers, 2006). 

85. Aranki, N., Bakhshi, A., Keymeulen, D. & Klimesh, M. Fast and adaptive lossless onboard 

hyperspectral data compression system for space applications. in  2009 IEEE Aerospace conference 

1–8 (2009). 

86. Keymeulen, D.  et al.  Airborne demonstration of FPGA implementation of Fast Lossless 

hyperspectral data compression system. in  2014 NASA/ESA Conference on Adaptive Hardware and 

Systems (AHS)  278–284 (IEEE). 

87. Gao, B.C., Heidebrecht, K. B. & Goetz, A. F. H. Derivation of scaled surface reflectances from 

AVIRIS data.  Remote Sens. Environ.   44,  165–178 (1993). 

88. Gao, B.C., Montes, M. J., Davis, C. O. & Goetz, A. F. H. Atmospheric correction algorithms for 

hyperspectral remote sensing data of land and ocean.  Remote Sens. Environ.   113, Supplement 1, 

S17–S24 (2009). 

89. Thompson, D. R.  et al.  Atmospheric correction for global mapping spectroscopy: ATREM advances 

for the HyspIRI preparatory campaign.  Remote Sens. Environ.   167,  64–77 (2015). 

90. Lee, C. M.  et al.  An introduction to the NASA Hyperspectral InfraRed Imager (HyspIRI) mission 

and preparatory activities.  Remote Sens. Environ.   167,  6–19 (2015). 

 

14 
 



Metrics
number/range

abundance
composition
arrangement
interactions

Components
genotypes

species
functional traits

ecosystems

Biodiversity
the variation of life on Earth 

invasive species

overexploitation

pollution

land use

climate change

Ecosystem servicesGlobal 
change drivers

Cultural services
education and inspiration

recreation and tourism
spiritual and aesthetic

Regulating services

Provisioning of goods
food
fuel

wood
fiber

biochemicals
fresh water

medicines
crop genes

minerals
ornaments

fertilizer
…

pollination
waste decomposition and 

detoxification
water and air purification
pest and disease control

carbon sequestration 
climate regulation

erosion control
…

Ecosystem functions
primary productivity 
biomass production

decomposition
nutrient cycling

soil formation and retention
water cycling

…

Figure 1: Human activities are driving rapid changes in global biodiversity with profound effects
on ecosystem functioning and the ecosystem services on which human society relies. In the
biodiversity box, the components of biodiversity (genotypes, species, functional traits, and ecosystems)
can each be measured in multiple ways (number/range, abundance, composition, spatial arrangement,
and the interactions between biological units) as explained in Fig 2. The red numbers correspond to our
four science objectives. Adapted from Díaz et al (2006) and Millennium Ecosystem Assessment (2005).
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Figure 2: The Different Metrics of 
Biodiversity.

All of these biodiversity metrics can be 
affected by human intervention 
(arrows), and in turn have repercussions 
for ecosystem properties and services. 
Symbols represent individuals or 
biological units. Symbols of different 
shades represent different genotypes, 
species, functional traits, or 
ecosystems.

Image from Díaz et al (2006).



Figure 3: Current extinction rates are ~100 times higher than the long-term fossil
record and projected to increase in the future. These rates could be severe enough to match
the extinction magnitudes of the five mass extinctions from Earth’s deep past in as little as
three centuries (Barnosky et al. 2011) Image from the Millennium Ecosystem Assessment
(2005).



Figure 4: The global Living Planet Index shows a decline of 52 per cent between 1970 and 2010.
This suggests that, on average, vertebrate species populations are about half the size they were 40
years ago. This is based on trends in 10,380 populations of 3,038 mammal, bird, reptile, amphibian
and fish species. The white line shows the index values and the shaded areas represent the 95 per cent
confidence limits surrounding the trend. Image fromMcClellan et al. (2014).



Figure 5: Consensus findings synthesized from hundred of biodiversity manipulation
experiments show that biodiversity loss tends to degrade ecosystem functioning (red curve,
grey shaded area represents 95% confidence intervals, red dots represent the maximum and
minimum values of the most or least productive species grown alone in monocultures) and
ecosystem stability (Cardinale et al., 2012). Remotely-sensed biodiversity observations are need to
characterize these relationships at regional and global scales to address Objective 3. Image from
Cardinale et al. (2012).
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Figure 6: Global observations of biodiversity and ecosystem functioning are necessary to 
address Objective 4 to determine the future likelihood and potential consequences of of 
biodiversity change with an emphasis on identifying critical tipping points in Earth’s life 
support systems. Adapted from Mace et al (2014) and Rockstrom et al (2009).



Figure 7: The data gap in regional trait measurements of terrestrial plant species (Jetz et al
2016). The graph shows the latitudinal variation in the number of vascular plant species for which at
least one trait has been measured regionally (open boxes) in relation to all species expected for that
region (filled boxes). Regions here are defined as 110x110 km grid cells (n=11,626); expected richness
data is from Kreft and Jetz (2007) and regional trait data from the TRY plant trait database (accessed
June 2015, Kattge et al 2011). Regions are analyzed at the grid cell level and their variations are
summarized in 5 degree latitudinal bands. On average, only 2% of species have any such regional
measurements, and the data gap is largest in the tropics. This limits our understanding of both
biodiversity and ecosystem function and services.



Figure 8: GEO BON is developing
Essential Biodiversity Variables (EBVs),
which are a minimum set of measurements
to capture major dimensions of
biodiversity change, complementary to one
another and to other environmental change
observation initiatives. EBVs cover the
different dimensions of biodiversity
change. They are temporally sensitive by
having the ability to detect change. Most
important, they are relevant, scalable,
feasible and biological. Image from the
GEO BON website (geobon.org).



Figure 9: The Global Biodiversity Observatory
envisioned by Jetz et al (2016) -- Space-based
imaging spectrometer sensors capture global spatial
data on key functional traits in time, including leaf
mass per area (LMA), nitrogen (N), and non-
structural carbohydrates (NSC) and others (Table 1).
Other space-based sensors (such as LiDAR and
radar) may also contribute measurements of other
essential biodiversity variables (see RFI-2 response
‘3D Vegetation Structure and Dynamics’ by Lavalle
et al). An informatics infrastructure and appropriate
modelling techniques connect this information with
trait, evolutionary and spatial biodiversity
information collected in situ worldwide at different
spatial scales and levels of biological organization.



and tropical regions (due to changing climate, ignitions
and/or invasion by flammable species) is thus a notable
risk to both biodiversity and carbon sequestration whose
likelihood and implications have not yet been fully
explored. This is important because wildfire frequencies

and intensities have been seen to be increasing in many
regions of the world [23,24].

Wildfire also strongly affects biodiversity. Open, fre-
quently burned ecosystems harbor biodiversity that is

266 Carbon and nitrogen cycles

Figure 1

(a) Latitudinal pattern of plant (dashed line) and mammal species richness (solid line), expressed as mean values for 58 latitude bands. Plant species
richness is as modeled by [9!!], and mammal species richness is based on [11]. (b) The relationship between plant species richness and observed
mammal species richness. Individual data points are mean values for 58 latitude bands. The regression was forced though the origin, as the regression
line had a small positive intercept without this constraint.
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Figure 10: The spatial distribution of plant diversity is highly correlated with animal diversity. These
two plots show the (left) latitudinal pattern of plant (dashed) and mammal (solid) species richness for 5
degree latitude bands and (right) the same relationship plotted as a regression. Images from Midgley et
al 2010.



Figure 11:  Conceptual diagram illustrating a mature plant trait retrieval algorithm, capable of retrieving 
many plant traits over multiple biomes using imaging spectroscopy (Singh et al 2015).
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Figure 12: (left) Top of atmosphere radiance for a reference tropical broadleaf and a
high latitude conifer. (right) Corresponding SNR that is consistent with the
measurements by AVIRIS-C and other airborne imaging spectrometers that have been
used to retrieve the plant traits of interest.



Figure 13: (left) Contiguous spectral coverage from 380 to
2510 nm of the F/1.8 VSWIR Dyson showing overlap with
LandSat and Sentinal-2 bands. (right) Signal-to-noise ratio
for 30 m sampling with F/1.8 VSWIR Dyson imaging
spectrometer.



Figure 14: (left) Opto-mechanical configuration for a high SNR F/1.8 VSWIR
imaging spectrometer system providing 185 km swath and 30 m sampling.
(center) Imaging spectrometer with a spacecraft configured for launch in a
Pegasus shroud for an orbit of 429 km altitude, 97.14 inclination to provide 16
day revisit for three years. (right) Orbital altitude and repeat options. An
altitude of 429 km with a fueled spacecraft supports the three year mission
with the affordable Pegasus launch. Higher orbits require a larger launch
vehicle.



Figure 15: (left) Design of F/1.8 VSWIR Dyson covering the spectral range
from 380 to 2510. (right) Developed, aligned and qualified Dyson with
CHROMA full range VSWIR detector array.



Figure 16:  (left) Global illuminated surface coverage every 16 days.  (right) On-board data 
storage usage for illuminated terrestrial/coastal regions with downlink using Ka Band to KSAT 
Svalbard and Troll stations.  Oceans and ice sheets can be spatially averaged for downlink.



Table 1:  List of key plant functional traits that can be estimated from imaging spectroscopy. 



ROSES 2015 A.6 BIODIVERSITY 
NRA NNH15ZDA001N SCOPING STUDY FOR BIODIVERSITY AIRBORNE CAMPAIGNS 

1-7 
Use or disclosure of information contained on this sheet is subject to the restriction on the Cover Page of this proposal. 

Table 1-1. Overview of biodiversity algorithms and their maturities 
Algorithm Data products Where applied? Citations Estimated

Maturity 
Remote measurement of functional traits 

Townsend,
Singh, and 
Serbin 
PLSR 

LMA, N/N15, C, Chl, 
fiber, lignin, 

cellulose, tannins, 
phenolic glycosides,  

Vcmax 

Upper Midwest (WI, MN, MI), 
Central and Northern 

Appalachians (MD, PA, WV, 
VA, NY), California 

Singh et al. 2015;  
Serbin et al. 2015 

TRL 5-6 

Carnegie 
PLSR 

LMA, leaf and 
canopy water, C, N, 

P, NSC, lignin, 
phenols, and 

multiple cations 

Amazonian tropical forest; 
Mesoamerican tropical forest; 

Hawaiian tropical forests; 
North American temperate 

forests and shrublands 

Asner et al. 2015 TRL 5-7 

APEX Chl Fluorescence, 
1D radiative model 
inversion for Chl, 

LAI, pigments, leaf 
water 

Various temperate forest 
ecosystems in Europe 

Schaepman et al. 
2015; Damm et al. 
2015; Schweiger 

et al. 2015 

TRL5 

Spectral variation hypothesis 
Feret and 
Asner 
 

Species alpha 
richness and beta 

compositional 
diversity 

Amazonian tropical forest; 
Hawaiian tropical forest; 

California temperate forest 
and shrubland ecosystems 

Feret and Asner 
2015 

TRL 4 

Hërkul et al Species alpha 
richness and 

Shannon index 

Marine benthic ecosystem in 
Baltic Sea 

Hërkul et al. 2013 TRL 4 

Spectral classification and LiDAR ecosystem structure  
MESMA Plant functional 

types and benthic 
cover types (e.g. 

coral, sand, algae) 

Many terrestrial and marine 
benthic ecosystems (Atlantic, 

Pacific, Indian Oceans) 

Dennison et al. 
2003; Hochberg et 
al 2003; Goodman 

and Ustin 2007; 
Roth et al 2015 

TRL 6 

PHYDOTax Chl-a (all taxa), 
Plankton functional 

types (diatoms, 
dinoflagellates, 
cyanobacteria) 

Monterey Bay, Santa Barbara 
Channel 

Palacios et al. 
2015; Palacios et 

al. 2012. 

TRL 5 

3-D 
ecosystem 
structure 

Vegetation vertical 
structure, landscape 

heterogeneity, 

Many terrestrial ecosystems Tang et al 2012;  
Montesano et al 
2015; Tang et al 

2016;  

TRL 6-7 

 
Assessing the maturity of these algorithms will be a major task for the scoping study, and will be 
a primary task for the study session.  Although each of these data analysis approaches has been 
used, tested and applied in general they have not been tested systematically across the gradients 
of scale (plant size relative to pixel size), richness (from low to high diversity systems), and 
ecosystem structure (tall and low stature, riverine, lacustrine, intertidal, shallow water, reef, open 
ocean) nor have they been applied to common data sets to check for consistency, 
complementarity and synergy.  While different low-level algorithms are required between 
habitats (for PRISM versus A-NG) and for spectroscopic versus LIDAR instruments, common 
high level products (functional diversity, plant species/unit area) may be feasible and allow 

Table 2: Overview of
biodiversity data algorithms
for marine and terrestrial
ecosystems and their
maturities.


